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  Breast cancer (BC) remains one of the most threaten-
ing mortality factors throughout the world despite signifi -
cant advancements in early detection and therapy. With a 
current mortality rate of 40%, over one million women 
worldwide will fall victim to BC. Four closely related trans-
membrane tyrosine kinase receptors (HER1, -2, -3, and -4) 
have been implicated in the pathogenesis of cancer in-
cluding BC. Binding of small peptide ligand molecules 
to HER receptors triggers homo- or heterodimeriza-
tion and autophosphorylation, which results in enhanced 
cell proliferation, migration, and invasion ( 1, 2 ) via the 
PI3K / AKT/ � -catenin downstream signaling pathway ( 3 ). 
The HER2/HER3 heterodimer is considered to be the 

      Abstract   Overexpression of the tyrosine kinase receptor, 
ErbB2/HER2/Neu, occurs in 25–30% of invasive breast can-
cer (BC) with poor patient prognosis. Due to confounding 
factors, inconsistencies still remain regarding the protective 
effects of n-3 polyunsaturated fatty acids (PUFAs) on BC. 
We therefore evaluated whether fat-1 transgenic mice, en-
dogenously synthesizing n-3 PUFAs from n-6 PUFAs, were 
protected against BC development, and we then aimed to 
study in vivo a mechanism potentially involved in such pro-
tection. E0771 BC cells were implanted into fat-1 and wild-
type (WT) mice. After tumorigenesis examination, we 
analyzed the expression of proteins involved in the HER2 
signaling pathway and lipidomic analyses were performed in 
tumor tissues and plasma. Our results showed that tumors 
totally disappeared by day 15 in fat-1 mice but continued to 
grow in WT mice. This prevention can be related in part to 
signifi cant repression of the HER2/ � -catenin signaling path-
way and formation of signifi cant levels of n-3 PUFA-derived 
bioactive mediators (particularly 15-hydroxyeicosapen-
taenoic acid, 17-hydroxydocosahexaenoic acid, and prosta-
glandin E3) in the tumors of fat-1 mice compared with WT     
mice.   All together these data demonstrate an anti-BC ef-
fect of n-3 PUFAs through, at least in part, HER2 signaling 
pathway downregulation, and highlight the importance of 
gene-diet interactions in BC.  —Zou, Z., S. Bellenger, K. A. 
Massey, A. Nicolaou, A. Geissler, C. Bidu, B. Bonnotte, A.-S. 
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treatments in reducing tumor incidence and multiplicity. 
Consequently, it is still very diffi cult to understand the spe-
cifi c roles of n-3 PUFAs on BC prevention regarding many 
variables arising from the diets. 

 In the present study, we evaluated the role of high n-3 
PUFA content in the pathogenesis of BC by inducing xeno-
grafts in the transgenic fat-1 mouse model. These mice carry 
the  fat-1    gene from the roundworm  Caenorhabditis elegans , 
encoding an n-3 PUFA desaturase, absent in mammals, that 
catalyzes conversion of n-6 PUFAs into n-3 PUFAs ( 22 ). 
Therefore, these mice have endogenously elevated n-3 PUFA 
tissue content and exhibit a lower n-6/n-3 PUFA ratio com-
pared with their wild-type (WT) littermates when main-
tained on a high n-6 PUFA diet. This contrasts feeding 
procedures using fi sh oil supplementation, which may bring 
confounding factors attributed to differences in the dietary 
composition. Hence, the fat-1 transgenic mouse model is a 
useful in vivo system for giving new insights of the role of 
the n-6/n-3 fatty acid ratio in BC tumorigenesis. 

 We examined the impact of enhanced n-3 PUFA pro-
duction toward the development of BC and the regulation 
of the HER2/HER3/ � -catenin/c-Myc signaling pathway. 
Thus, we implanted these cells in the fat-1 transgenic and 
WT mice in order to evaluate their tumorigenicities. Our 
data indicate that modulation of BC development by n-3 
PUFAs might be mediated in part through HER2 signaling 
pathway downregulation. 

 MATERIALS AND METHODS 

 Materials 
 RPMI 1640, fetal bovine serum (FBS), glutamine, and antibiot-

ics were purchased from PAA Laboratories. The antibodies raised 
against phospho (p)-HER2 (Tyr1248), HER2, p-HER3 (Tyr1289), 
HER3, p-Akt (Ser473), p-GSK-3 �  (Ser9), E-cadherin, and  � -catenin 
were purchased from Cell Signaling Technology (Beverly, MA). 
c-Myc antibody was purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA). The horseradish peroxidase-linked secondary 
antibodies were from Jackson ImmunoResearch Laboratories 
(West Grove, PA). Heregulin  � -1 was purchased from Sigma-
Aldrich. Prostaglandin (PG)E2, PGE3, and 17-hydroxydocosa-
hexaenoic acid (HDHA) were obtained from Bertin Pharma 
(France). 

 Animals and diet 
 Transgenic fat-1 mice were generated as described previously 

( 22 ) and backcrossed onto a C57BL/6J background. The pres-
ence of the  fat-1  gene in each mouse was confi rmed both by 
genotyping and tail tissue fatty acid analysis profi le. Transgenic 
and WT animals were maintained on a 10% saffl ower oil diet 
(SAFE, Augy, France) ad libitum and kept under pathogen-free 
conditions in standard cages in temperature- and humidity-
controlled conditions with a 12 h light/dark cycle. We used 10- to 
12-week-old female fat-1 transgenic mice and nontransgenic lit-
termate controls for this experiment. The diet contained (per 
100 g diet) 4.5 g sucrose, 18.6 g casein, 8.6 g cellulose, 50 g wheat 
starch, 0.3 g DL-methionine, 7 g mineral mix, 1 g vitamin mix, 
and 10 g saffl ower oil. Saffl ower oil is high in linoleic acid 
(18:2n-6) with very little n-3 fatty acid (less than 0.1% of the total 
fat supplied). Under the 10% saffl ower oil regimen, all the trans-

most active HER dimer and is crucial for signaling in tu-
mors containing amplifi cation of HER2 ( 4, 5 ). HER2 has 
no defi ned ligand but possesses an active tyrosine kinase 
domain ( 6 ) while, in contrast, HER3 has several ligands, 
including the neuregulins 1–4, but lacks intrinsic tyrosine 
kinase activity. HER2 overexpression occurs in 25–30% of 
invasive BCs and is associated with a more aggressive phe-
notype and a poor patient prognosis with intrinsic resis-
tance to endocrine and conventional chemotherapy ( 7, 8 ). 
HER3 is often expressed together with HER2 in this dis-
ease ( 9 ). While both receptors are considered promising 
targets for therapy, the overemphasis on HER2 has shad-
owed the important role of HER3 in resistance to HER2-
targeted therapies ( 10, 11 ). In recent years, an increased 
understanding of the role of HER3 has fueled the develop-
ment of HER3-targeting agents ( 12 ). As tumors overex-
pressing HER2 are generally resistant to therapeutic 
agents, nutrition intervention may be a promising thera-
peutic strategy in preventing and treating this aggressive 
subtype of cancer. This can be accomplished by ablating 
HER2/HER3 expression and/or interfering with the in-
teraction of HER2/HER3 heterodimers. 

 Epidemiological and preclinical studies suggest a pro-
tective effect of fi sh oil in the prevention of BC ( 13 ). In 
addition, in vitro and in vivo evidence demonstrates that 
n-3 fatty acids or their metabolites are able to reduce cel-
lular proliferation and increase apoptosis in BC models 
( 14 ). Moreover, a very recent report showed that mice ex-
pressing MMTV-neu(ndl)-YD5 (mouse mammary tumor 
virus), an aggressive HER2-positive BC model, and fat-1 
(synthesizing n-3 PUFAs from n-6 PUFAs) can mitigate tu-
mor development ( 15 ). Nevertheless, when the lifelong 
tumor development has been investigated in this mam-
mary tumorigenesis model over-expressing HER2, mecha-
nisms underlying such an anti-cancer role of n-3 PUFAs 
have not been elucidated. Then, the relevance of HER2 
pathway involvement remains to be explored, as inhibitory 
dietary effects of eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA), the two main n-3 PUFAs found in 
fi sh oils, have been reported on HER family members ( 16, 
17 ). Whether HER3 expression is associated with the n-3 
PUFA-mediated antitumor effect in BC remains largely 
unknown. Despite research providing evidence that di-
etary or exogenously derived fatty acids may play an im-
portant role in the etiology, evolution, and/or progression 
of BC, many inconsistencies and discrepancies preclude 
defi nitive conclusions ( 18 ). For example, Holmes et al. 
( 19 ) found an increased risk of BC associated with higher 
dietary marine n-3 PUFAs in a cohort study with 88,795 
women. Such confl icting results refl ect many confound-
ing dietary elements. Indeed, marine oil, generally used in 
nutritional studies, contains not only EPA and DHA but 
also other fatty acids, and is particularly rich in vitamin D. 
Thus, it has been shown that oleic acid (18:1n-9) activates 
phosphatidylinositol 3-kinase, promotes proliferation, and 
reduces apoptosis of MDA-MB-231 BC cells ( 20 ); and 
Chatterjee et al. ( 21 ) showed, in a multitargeted approach, 
that the combination of vitamin D with MaxEPA (a fi sh 
oil supplement) was twice as effective as the individual 
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 m/z  327 > 184. Protein content was estimated by the Bio-Rad pro-
tein assay using BSA as reference standard (Bio-Rad Laboratories 
Ltd., Hemel Hempstead, UK). Results are expressed as pg/mg 
protein. 

 Cell viability 
 The numbers of viable cells exposed to DHA were evaluated by 

the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] cell proliferation assay, according to the manufactur-
er’s protocol (Sigma-Aldrich). Briefl y, BT-474, SK-BR-3, and 
E0771 cells were seeded and cultured in 96-well fl at bottom plates 
at a density of 3 × 10 3  per 100  � l in medium containing 10% FBS, 
allowed to attach overnight, and then treated with DHA com-
plexes to BSA in a 4:1 (DHA/BSA) molar ratio at 20, 40, 60, 80, 
and 100  � M or vehicle for 72 h in medium containing 0.5% FBS. 
MTT reagent (20  � l) was added to each well (fi nal concentration 
0.5 mg/ml) and the plate incubated at 37°C. After 4 h, superna-
tant was carefully removed and 100  � l of dimethyl sulfoxide was 
added to each well and the plate incubated for 2 h. The absor-
bance was read at 450 nm on a microplate reader (Bio-Rad, 
France). Data are represented as mean percent vehicle-treated 
cell proliferation ± SE of triplicate experiments with internal 
triplicates. 

 Western blot analysis 
 Cells were harvested in Triton protein lysis buffer (20 mM 

Tris, 150 mM NaCl, 200 mM EDTA, 200 mM EGTA, and 1% Tri-
ton X-100) containing protease and phosphatase inhibitor cock-
tail (Sigma-Aldrich, Saint Quentin Fallavier, France). Proteins 
(50  � g) were separated by 10% SDS-PAGE and electroblotted to 
Protran nitrocellulose membranes (Whatman, Dassel, Germany). 
After blocking nonspecifi c binding sites with 5% BSA in Tris-
buffered saline (TBS) (0.1% Tween-20 in TBS), blots were 
probed overnight at 4°C with primary antibody against p-HER2 
(Tyr1248), HER2, p-HER3 (Tyr1289), HER3, p-Akt (Ser473), 
p-GSK-3 �  (Ser9), E-cadherin,  � -catenin (Cell Signaling, Ozyme), 
c-Myc (Santa Cruz Biotechnology), and  � -actin (Sigma-Aldrich) 
at a concentration of 1/2,000, washed in Tween-TBS (T-TBS)  , and 
incubated for 1 h at room temperature with horseradish peroxidase-
conjugated goat anti-rabbit IgG for all the antibodies, except  � -actin 
was incubated with goat anti mouse IgG (Jackson ImmunoRe-
search Laboratories). Detection was performed using the enhanced 
chemiluminescence (ECL) Western blotting analysis procedure 
(ECL Plus; Amersham, Freiburg, Germany). 

 In order to validate the potential link between the observed 
differences in PUFA-derived mediators and the differential tum-
origenicities of E0771 cells in the mice, we studied the effects of 
PGE2, PGE3, and 17-HDHA on the protein expression of HER2, 
HER3, and c-Myc in these cells in culture. After treating E0771 
cells with 1  � M PGE2, 1  � M PGE3, 1  � M 17-HDHA, or DMSO as 
control, cells were harvested and Western blotting was performed 
to detect HER2, HER3, and c-Myc expression. The level of  � -actin 
expression was used as the internal control for equal loading. 

 p-HER3 immunolabeling 
 Tumors were dehydrated and included in paraffi n. Paraffi n 

blocks were sectioned (5  � m thick section, two different levels 
per block) and slices of tumors were deposited onto Superfrost 
Plus slides. 

 p-HER3 (two slides per block at two different levels) immuno-
histofl uorescence was performed using an automated Leica Bond-
Max. Briefl y, after dewax, antigen retrieval with EDTA (pH 9) 
buffer, and inhibition of endogenous peroxidases with H 2 O 2  
(3%), slides were saturated in BSA (3%) in PBS for 20 min, then 
incubated with an avidin and biotin blockage kit (Vector Labs, 

genic animals presented a total n-6/n-3 PUFA ratio greater than 
(but close to) one in their tail tissue (n-6/n-3 = 1.6 ± 0.2 in fat-1 
mice vs. 39.5 ± 3.2 in WT control animals; n = 10 per group). All 
procedures were carried out according to institutional guidelines 
for the use and care of laboratory animals and approved by the 
Ethical Committee of the University of Burgundy (#A1408). 

 Cancer cell lines 
 E0771 medullary breast adenocarcinoma cells were obtained 

from Dr. Enrico Mihich at Roswell Park Cancer Institute, New 
York, NY. E0771 cells were originally isolated from a spontaneous 
cancer in C57BL/6 mice. This C57BL/6 adenocarcinoma-
derived BC E0771 cell line is, to our knowledge, the only cell 
model that can be grown to form breast tumors in immunocom-
petent fat-1 transgenic mice  . The human BC cell lines SK-BR-3 
and BT-474 were kindly provided by Dr. Sarab Lizard (Centre 
Georges François Leclerc, Dijon, France). E0771 cells were cultured 
in RPMI 1640 supplemented with 5% FBS with iron, 2 mmol/l 
 L -glutamine, and 100 units/ml penicillin/streptomycin. SK-BR-3 
and BT-474 cells were maintained in RPMI 1640 supplemented 
with 10% FBS, 2 mmol/l  L -glutamine, and penicillin/streptomycin. 
All these cells were incubated in a humidifi ed atmosphere of 5% 
CO 2 -95% air at 37°C. In DHA-treated cells, the experiments were 
conducted in medium containing 0.5% FBS. 

 Cell injections and tumor measurement 
 Cultured E0771 cells were collected with trypsin digestion 

(0.05% trypsin-EDTA, 3 min), washed twice with RPMI 1640 me-
dium, and counted. Each female mouse was injected subcutane-
ously in the lower abdomen in or near the number 4 mammary 
fat pad with 5 × 10 5  viable mycoplasma-free cells diluted in 200  � l 
of RPMI 1640 medium. The day of the injection of E0771 cells 
was designated day 0. Tumor volume was measured with a caliper 
every 2 or 3 days, and calculated according to the following for-
mula: tumor volume = length × width 2  × 0.5. 

 Lipidomic analysis 
 The fatty acid composition in tails (to perform phenotyping), 

tumors, and plasma was determined by gas chromatography as 
described previously ( 23 ). 

 Lipid mediators were analyzed using liquid chromatography 
coupled to electrospray ionization tandem mass spectrometry 
(LC/ESI-MS/MS) following the methodology developed by 
Masoodi et al. ( 24, 25 ). In brief, each tumor sample was homog-
enized in ice-cold methanol (4 ml of 15% v/v solution). Internal 
standards PGB2- d4    and 12-HETE- d8  (40 ng per sample each) 
(Cayman Chemicals, Ann Arbor, MI) were added to each sample 
and the homogenate was centrifuged for 5 min at 5,000 rpm at 
4°C. The clear supernatant was acidifi ed to pH 3.0 using 0.1M 
HCL and further purifi ed by solid phase extraction cartridge 
(C18-E; Phenomenex, Macclesfi eld, UK) using methyl formate to 
elute the lipid mediators. Chromatographic analysis of pros-
tanoids was performed on a C18 Luna column (5  � m, 150 × 2.0 
mm, Phenomenex) while all hydroxy fatty acids were analyzed 
using a C18 Kinetex column (2.6  � m, 100 × 2.1 mm, Phenome-
nex). The analysis was performed using a Waters Alliance 2695 
pump coupled to a triple quadrupole mass spectrometer (Qua-
tro Ultima; Waters, Elstree, Hertfordshire, UK). The following 
multiple reaction monitoring transitions were used: PGE2  m/z  
351 > 271, PGD2  m/z  351 > 271, PGE3  m/z  349 > 269, thrombox-
ane (TX)B3  m/z  367 > 167, TXB2  m/z  369 > 169, PGB2- d4 m/z  337 
> 179, 5-hydroxyeicosapentaenoic acid (HEPE)  m/z  317 > 115, 
18-HEPE  m/z  317 > 133, 15-HEPE  m/z  317 > 175, 12-HEPE  m/z  
317 > 179, 10- HDHA  m/z  343 > 153, 14-HDHA  m/z  343 > 161, 
13-HDHA  m/z  343 > 193, 17-HDHA  m/z  343 > 201, and 12-HETE- d 8 
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mice 10 days after cell injection. Moreover, p-HER3 im-
munohistofl uorescence was signifi cantly ( P  < 0.01) de-
creased in the fat-1 tumor tissues compared with the WT 
mice ( Fig. 2B ).  � -Catenin not only plays a crucial role in 
morphogenesis and human cancer as a transcriptional 
regulator in canonical and noncanonical Wnt signaling 
pathways, it also takes part in cell-cell adhesion with the 
adhesion molecule E-cadherin, which is a potent invasion/
tumor suppressor in BC ( 26 ). To investigate whether the 
decrease of HER2 and HER3 would affect cell-cell adhe-
sion and  � -catenin signaling, Western blotting was used to 
check the expression of E-cadherin and  � -catenin. As 
shown in  Fig. 2A , E-cadherin was markedly upregulated in 
the tumors of fat-1 mice compared with those in WT mice. 
We observed a change in the  � -catenin expression pattern. 
Indeed, two protein bands were obtained for  � -catenin ex-
pression in the fat-1 tumor tissues. We also checked the 
protein expression of the known transcriptional target 
gene  c-Myc  of  � -catenin. As shown in  Fig. 2A , c-Myc expres-
sion was hugely inhibited in tumors of fat-1 mice, suggest-
ing that E-cadherin might be involved in modulating 
 � -catenin signaling. 

 Nuclear factor  � B (NF- � B), a pro-infl ammatory and pro-
survival transcriptional factor, is known to be highly in-
volved in the initiation and progression of BC ( 27 ). As 
shown in  Fig. 2A , fat-1 mouse tumor tissues exhibit a 
marked decrease of NF- � B protein expression compared 

SP2001) for 15 min twice. Then sections were incubated with pri-
mary antibody (anti-p-HER3; Cell Signaling, 4791, 1:100  ) for 1 h. 
The sections were then washed and incubated with secondary an-
tibody linked to biotin (Southern Biotech, 6440-08, 1:500) for 
45 min. After three washes, sections were incubated in streptavi-
din peroxidase (Invitrogen, T20934, 1:100) and revealed in tyr-
amide-AlexaFluor 568 (Invitrogen, T20934, 1:100). Sections were 
counterstained with DAPI (Sigma, D9542, 2  � g/ml) for 10 min 
and rinsed. Negative controls (primary antibody omission) were 
included. 

 After processing, the sections were imaged by the Cell Ob-
server station (Zeiss). This station is composed of an inverted 
motorized microscope, a mercury lamp for the fl uorescence, a 
CCD camera (Zeiss HRm), a computer, and the AxioVision soft-
ware which controls the station. Images were acquired using 10× 
objective; each image represents about 0.6 mm 2 . About three im-
ages were made by level (six images by tumor). Image analysis 
was carried out using Visilog software. For the p-HER3 surface, 
images were threshold, binarized, and surface measurement of 
the binarized images was done  . These surfaces were divided by 
the number of nuclei present in each image. This number was 
found by determining the mean area of a nucleus. 

 Statistical analysis 
 Results were expressed as the arithmetical mean and SE (mean ± 

SE) for each group. Statistical signifi cance in the tumor growth 
curves, tumor and plasma major fatty acid composition, total n-6, 
total n-3, n-6/n-3 ratio, and different lipid mediators in tumor 
samples between WT and fat-1 transgenic mice was determined 
using a Student’s  t -test (* P  < 0.05; ** P  < 0.01). The statistical 
study of the tumor p-HER3 immunohistofl uorescence quantifi ca-
tion was performed using the Mann-Whitney U test by Tanagra 
software (** P  < 0.01). 

 RESULTS 

 n-3 PUFAs inhibit the growth of BC xenografts in fat-1 
transgenic mice 

 To test the hypothesis that a balanced ratio of n-6/n-3 
fatty acids is able to decrease the risk of BC, we implanted 
E0771 mouse BC cells into the fat-1 and WT mice and ex-
amined the tumorigenicity of inoculated tumor cells. As 
shown in   Fig. 1  ,  there was a dramatic difference in the tu-
mor volume between fat-1 transgenic (n = 10) and WT 
mice (n = 6). Over an observation period of 25 days, all 
mice initially developed a palpable tumor by day 7 but, 
importantly, all the tumors in fat-1 mice never grew more 
and all palpable tumors disappeared at day 18. By contrast, 
all the tumors in WT mice continued to grow up until host 
sacrifi ce. These fi ndings clearly show that expression of 
 fat-1  inhibits the growth of BC cells in vivo and results in 
mammary tumor regression. 

 Inhibition of HER2 signaling pathway by n-3 PUFAs in 
fat-1 transgenic mice 

 In order to defi ne the regulation of HER2 and HER3 
expression by a decreased ratio in n-6/n-3 fatty acids in 
fat-1 mice, tumor tissues were analyzed for the expression 
of HER2 and HER3 by Western blotting. Results presented 
in   Fig. 2A   demonstrate  that HER2 and HER3 expressions 
were markedly downregulated in the tumor tissues of fat-1 

  Fig.   1.  Tumorigenicity of E0771 BC cells in fat-1 transgenic and 
WT mice. Cells (5 × 10 5  diluted in 200  � l of serum-free RPMI 1640 
medium) were injected subcutaneously into each of 10 transgenic 
and 6 WT mice (10 weeks old, female). A: Representative photo-
graphs showing tumor formation at two different time points after 
cell implantation. B: Growth rates of melanomas in WT and fat-1 
transgenic mice. Tumor growth was monitored at the indicated 
time points with a caliper and tumor volume was calculated on the 
basis of the following formula: tumor volume = (length × width 2 ) × 
0.5. The points represent mean tumor volume ± SE obtained from 
6 WT mice or from 10 fat-1 transgenic mice. These observations 
have been done on four independent experiments.   
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formed in tumors of fat-1 mice. There was no signifi cant dif-
ference in the level of PGE2 between the two genotypes, but 
the levels of PGD2 and TXB2 were signifi cantly lower in the 
fat-1 transgenic mice compared with WT mice ( � 72 and 
 � 70%, respectively). 

 Plasma n-3 fatty acid enrichment and total lipid level 
 Analysis of total lipid extracts from plasma showed distinctly 

different profi les between fat-1 and WT mice (  Fig. 4A  ).  There 
are signifi cantly higher levels of n-3 PUFAs [20:5n-3 (EPA) 
and 22:6n-3 (DHA)] and a much lower concentration of n-6 
PUFAs (AA, 20:4n-6) in the plasma from fat-1 transgenic 
mice compared with WT animals. As such, the n-6/n-3 PUFA 
ratio was signifi cantly reduced in the transgenic mice (WT, 
20.4:1; fat-1, 6.8:1). These data confi rm that plasma was en-
riched in n-3 PUFAs at the expense of n-6 PUFAs, giving a 
lower n-6/n-3 ratio, when plasma total lipid level was not sta-
tistically changed in both groups ( Fig. 4C ). 

 DHA inhibits in vitro proliferation of BC cells 
 Given the signifi cant growth inhibition of E0771 cells in 

fat-1 transgenic mice, we next assessed whether n-3 PUFAs 
can affect BC cell proliferation in vitro. Mouse E0771 cells 
and two human HER2-amplifi ed BC cells, SK-BR-3 and BT-
474, were examined for their response to DHA treatment. 
As shown in   Fig. 5  ,  DHA induced a concentration-depen-
dent reduction of cell viability in all BC cell lines at 72 h. 
DHA treatment exhibited more robust growth inhibition 

with the WT mice. A low n-6/n-3 ratio in transgenic ani-
mals not only decreases expression of NF- � B but also in-
duces apoptosis accompanied by an increased expression 
of cleaved poly (ADP-ribose) polymerase (PARP)   ( Fig. 2A ). 

 Tumor n-3 fatty acid enrichment and formation of 
PUFA-derived mediators 

 As shown in   Fig. 3A  ,  fatty acid composition of tumor to-
tal lipids revealed higher levels of EPA (20:5n-3) and DPA 
(22:5n-3) in fat-1 transgenic mice compared with WT ani-
mals, whereas arachidonic acid (AA, 20:4n-6) was decreased 
by 70%. Interestingly, the n-6/n-3 PUFA ratio ( Fig. 3B ) was 
signifi cantly reduced in tumors from fat-1 mice (8.92 ± 2.63) 
compared with WT animals (30.51 ± 6.99) despite the ani-
mals being fed the same diet. These results indicate expres-
sion of  fat-1  enriches the transgenic animals in n-3 PUFAs 
at the expense of n-6 PUFAs, giving a lower n-6/n-3 ratio. 

 We then assessed n-6 and n-3 PUFA-derived metabolites 
from tumors [specifi cally n-6 AA (20:4n-6), n-3 EPA (20:5n-3), 
and DHA (22:6n-3) metabolites] by LC/ESI-MS/MS analysis 
to determine whether differences in tumor growth between 
WT and fat-1 mice were associated with these pathways. As 
shown in  Fig. 3C , the EPA- (5-, 18-, 15-, and 12-HEPE) and 
DHA- (10-, 13-, 14-, and 17-HDHA) derived metabolites were 
identifi ed at physiologically active levels within tumors from 
fat-1 mice. These metabolites were not found in tumors from 
WT mice. In addition to HEPE and HDHA lipid metabolites, 
signifi cant amounts of n-3-derived PGE3 and TXB3 were 

  Fig.   2.  Downregulation of HER2/HER3/ � -catenin/c-Myc signaling pathway in fat-1 transgenic mouse tu-
mors exhibiting enhanced n-3 PUFA tissue level. A: Western blotting of HER2, HER3,  � -catenin, E-cadherin, 
c-Myc, NF- � B, cleaved PARP, and  � -actin in BC xenograft tumors from three WT (lanes 1–3) and three fat-1 
transgenic (lanes 4–6) mice. B: Representative immunohistofl uorescence for p-HER3 in the tumors of the 
WT (top) and fat-1 transgenic (middle) mice (n = 5 and 4, respectively). p-HER3 quantifi cation of WT and 
fat-1 mice is presented as number of p-HER3 positive cell index. Results are presented as mean ± SE and 
differences were analyzed using the Mann-Whitney U test by Tanagra software (** P  < 0.01)  .   
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HER3/ � -catenin signaling pathway in DHA-treated cells in 
vitro. As shown in   Fig. 6  ,  DHA treatment decreases HER2 
and HER3 protein levels in E0771, SK-BR-3, and BT-474 cell 
lines; this effect was observed in a time- and dose-dependent 
manner (observed 24, 48, and 72 h after treatment). Impor-
tantly, treatment of DHA in SK-BR-3 and BT-474 cells for 48 
h slightly downregulated HER2 and HER3, but dramatically 
inhibited p-HER2 and p-HER3 induced by heregulin stimu-
lation. Similarly, the p-HER3 protein level was downregu-
lated in E0771 cells treated with DHA for 24 h, while HER3 

in E0771 cells than in SK-BR-3 and BT-474 cells, exhibiting 
50% of mortality with only 20  � M of DHA (IC 50   ) and in-
ducing over 98% reduction of viable E0771 cells with DHA 
(40  � M) treatment. 

 DHA inhibits HER2/HER3 expression and 
subsequent signaling 

 In order to assess the mechanism by which n-3 PUFAs 
might induce growth inhibition of BC cells, Western blot-
ting was used to examine protein expressions in the HER2/

  Fig.   3.  Tumor n-3 fatty acid enrichment and formation of n-6 and n-3 PUFA-derived mediators. A: Tumor 
major fatty acid composition, total n-6, and total n-3. B: The n-6/n3 ratio is indicated for WT and fat-1 trans-
genic mice as white and black bars respectively [results are presented as mean ± SE; * P  < 0.05, ** P  < 0.01 
(Student’s  t -test); n = 8 per group]. The n-6/n-3 ratio is given by (18:2n-6 + 20:4n-6 + 22:4n-6 + 22:5n-6)/
(18:3n-3 + 20:5n-3 + 22:5n-3 + 22:6n-3). C: Quantifi cation (ng/mg of tumor) of different n-6- and n-3-derived 
lipid mediators in tumors of WT (n = 4) and fat-1 transgenic mice (n = 4). * P  < 0.05; ** P  < 0.01 (Student’s 
 t -test).   

  Fig.   4.  Plasma n-3 fatty acid enrichment and total 
lipid level. A: Plasma major fatty acid composition, 
total n-6, total n-3, and n–6/n–3 ratio are indicated 
for WT and fat-1 transgenic mice as white and gray 
bars, respectively (mean ± SE). ND, not detected. B: 
Plasma fatty acid ratios in WT and fat-1 mice. C: 
Plasma total lipid level in WT and fat-1 animals. Re-
sults are presented as a mean ± SE. * P  < 0.05; ** P  < 
0.01 (Student’s  t -test); n = 5 per group. The n-6/n-3 
ratio is given by (18:2n-6 + 20:4n-6 +22:4n-6 + 
22:5n-6)/(18:3n-3 + 20:5n-3 + 22:5n–3 + 22:6n-3).   
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further validate whether DHA treatment-mediated degra-
dation of  � -catenin will repress the expression of target 
gene  c-Myc , we examined the c-Myc protein level in cultured 
cells treated with DHA. Our results show that c-Myc expres-
sion was markedly downregulated in three BC cell lines 
treated with DHA for 48 h. We also examined the potential 
effect of DHA treatment on E-cadherin expression in cul-
tured cells. Our results regarding E-cadherin protein ex-
pression indicate that E-cadherin is downregulated when 
E0771, BT-474, and SK-BR-3 cell lines are treated with DHA 
for at least 48 h. Together, our results provide evidence for 
the antitumor mechanism of n-3 PUFAs through inhibiting 
the HER2/HER3/ � -catenin signaling pathway in BC cells. 

 In vitro validation of the relation of PUFA-derived 
mediators to HER2, HER3, and c-Myc expression 

 In order to validate the potential link between the ob-
served differences in PUFA-derived mediators and the dif-
ferential tumorigenicities of E0771 cells in the mice, we 

expression was not. These results suggest that DHA treat-
ment not only impacts on HER2 and HER3 expression, but 
also on the formation of HER2/HER3 heterodimers. Given 
the critical role of  � -catenin signaling in the mammary tum-
origenesis, the potential effect of n-3 PUFAs on the  � -catenin 
signaling was examined. As shown in  Fig. 6 , treatment with 
DHA reduced the  � -catenin protein level in a time- and 
dose-dependent manner in cultured cells. Cytoplasmic  � -
catenin is controlled by a glycogen synthase-3 �  (GSK-3 � ) 
containing destruction complex, in which GSK-3 �  is 
phosphorylated and inactivated leading to cytoplasmic 
accumulation of  � -catenin. To determine whether DHA 
treatment-induced degradation of  � -catenin could be 
through inhibition of the phosphorylation of GSK-3 �  and 
its upstream kinase Akt, p-GSK-3 �  and p-Akt protein expres-
sions were examined. We observed that DHA treatment 
downregulated GSK-3 �  and Akt phosphorylation in cul-
tured cells. Moreover, this downregulation was more obvi-
ous in E0771 cells than in SK-BR3 and BT-474 cells. To 

  Fig.   5.  Effects of DHA on viability of BC cells. The 
effect on cell viability of DHA in BT-474, SK-BR-3, 
and E0771 cells is assessed and quantifi ed by MTT 
assay. Cells were treated with various concentrations 
of DHA. BT-474, SK-BR-3, and E0771 cells were 
seeded and cultured for 24 h in 96-well plates at a 
density of 3 × 10 3  cells per well and cultured in me-
dium supplemented with 10% FBS. After this pe-
riod, the cells were washed twice with PBS and the 
medium was replaced with fresh medium with 0.5% 
FBS containing DHA at increasing concentrations 
(20–100  � M) for a further 72 h. The number of vi-
able cells exposed to DHA was evaluated by a colori-
metric MTT assay. Data represent the mean of eight 
values and results and are expressed as viability in 
comparison with controls (100%).   

  Fig.   6.  DHA inhibits HER2/HER3 expression and subsequent signaling pathway in SK-BR-3, BT-474, and E0771 cell lines. SK-BR-3 (A) 
and BT-474 (B) cells were treated with DHA at 40 and 80  � M in medium supplemented with 0.5% FBS for 24, 48, and 72 h. E0771 (C) cells 
were treated with DHA at 40 and 80  � M in medium supplemented with 0.5% FBS for 24 and 48 h. Heregulin  � -1 (50 ng/ml) was added 
1 h before harvest and lysates were immunoblotted as indicated for HER2, p-HER2, HER3, p-HER3, E-cadherin,  � -catenin, p-Akt, p-GSK-3 � , 
 c-Myc , and  � -actin protein expression.   
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grow. Evidence in the literature suggests that n-3 PUFAs 
reduce the risk of BC, however these studies show that n-3 
PUFA feeding was unable to mimic the phenotype ob-
served in fat-1 mice ( 31, 32 ). Expression of the  fat-1  gene 
is a much more effective approach to modify fatty acid 
composition. By ubiquitously converting n-6 PUFAs to n-3 
PUFAs, it signifi cantly increases the absolute level of n-3 
PUFAs as well decreases the level of n-6 PUFAs leading to 
a decreased ratio of n-6/n-3 PUFAs in mouse tissues, which 
cannot be achieved by conventional dietary intervention. 
Then, plasma and tumor tissue exhibited a reduced ratio 
of n-6 to n-3 PUFAs ( Fig. 3A, B and Fig. 4A, B ), compared 
with WT animals, in which the n-3 pathway is naturally 
compromised as n-3 and n-6 fatty acids share and compete 
for the same desaturase and elongase enzymes in their bio-
synthesis, which may also effect the levels of EPA- and 
DHA-derived metabolites. 

 The interesting data observed by MacLennan et al. ( 15 ) 
on a mammary tumorigenesis model overexpressing 
HER2, suggested the involvement of n-3 PUFAs on HER2 
pathway regulation. Then, mechanisms underlying such 
involvement needed to be explored: one of the notable 
results of the present study was the downregulation of 
HER2 oncoprotein and the HER2/HER3/ � -catenin sig-
naling pathway in tumor tissues from fat-1 mice compared 
with WT mice.  HER2/neu , one of the most commonly ana-
lyzed oncogenes in BC studies, is a frequent target of mam-
mary oncogenesis ( 33 ). This orphan tyrosine kinase 
receptor regulates biological functions as diverse as cellu-
lar proliferation, transformation, differentiation, motility, 
and apoptosis ( 34 ). Recent studies have shown that fi sh oil 
and  � -linolenic (18:3n-3) acid also downregulate HER2 
expression ( 30, 32 ). Similarly, BC cells injected into nude 
mice fed fi sh, fl axseed, or canola oil (rich in n-3 PUFAs) 
formed smaller tumors with lower cell proliferation ( 35 ) 
and lower HER2 expression. HER2 heterodimerizes with 
HER3 to form an oncogenic unit where HER3 activates 
the PI3K/Akt pathway ( 5 ). Indeed, the inactivation of 
HER2 in BC cell lines (using trastuzumab) leads to de-
creased HER3 tyrosine phosphorylation and PI3K signal-
ing ( 5, 36 ). In agreement with these data, we found here 
that HER3 protein expression was dramatically decreased 
in tumor tissues of the fat-1 transgenic mice ( Fig. 2 ). This 
latter fi nding is noteworthy, as high expression of HER3 
has been shown to predict early escape from HER-targeted 
therapies, such as the use of the anti-HER2 monoclonal 
antibody trastuzumab ( 37 ), and is consistent with a recent 
report showing that genetic ablation of HER3, or its knock-
down by EZN-3920, decreased PI3K signaling and tumor 
growth in the mouse mammary tumor virus,  MMTV-PyVmT , 
model of BC ( 38 ). Regarding the impact of n-3 PUFAs on 
HER2 and HER3 signaling, our studies were then ex-
tended to cultured cell lines exhibiting moderate expres-
sion of HER2 (E0771) and overexpressing HER2 (BT-474 
and SK-BR-3), in which we investigated whether DHA 
could modulate cell proliferation and the HER2 signaling 
pathway. Interestingly, DHA treatment hugely inhibits prolif-
eration/viability of the three cell lines ( Fig. 5 ); and in addi-
tion to this inhibition, we also observed a downregulation of 

studied the effects of PGE2, PGE3, and 17-HDHA on the 
protein expression of HER2, HER3, and c-Myc in these 
cells in culture. As shown in   Fig. 7  ,  when HER2 protein 
expression was only downregulated by 17-HDHA, the 
HER3 protein level was highly decreased by both DHA me-
diators PGE3 and 17-HDHA. Moreover, the exposure of 
E0771 cells to 1  � M PGE2, PGE3, and 17-HDHA for 24 h 
dramatically decreased c-Myc expression. These data are 
consistent with our in vivo results suggesting that the 
higher levels in DHA-derived metabolites (particularly 17-
HDHA) and n-3-derived PGE3 in fat-1 tumors may, at least 
in part, mediate the antitumor effect observed in fat-1 trans-
genic mice. 

 DISCUSSION 

 The role of PUFAs in BC development, progression, 
and prevention is not very well understood. PUFAs can 
mediate cancer development and progression through 
multiple mechanisms. For example, it has been shown that 
n-3 PUFAs, but not n-6 PUFAs, induced cell death in a 
mouse model of prostate cancer ( 28 ). Among important 
regulators of growth, survival, and apoptosis, n-3 PUFAs have 
been shown to induce growth inhibition of MDA-MB-231 
cells by AKT phosphorylation and reduce DNA-binding 
activity of NF- � B ( 29 ). Similarly, treatment of BT-474 and 
SK-BR-3 BC cells with n-3 PUFAs suppresses the expression 
of HER2 oncoprotein via regulation of  HER2/neu  gene 
transcription ( 30 ). 

 Our study clearly demonstrates that the increase of en-
dogenously synthesized n-3 PUFAs prevents BC develop-
ment. Furthermore, the prevention of tumor growth is 
correlated with the formation of antitumor derivatives of 
n-3 PUFAs and with a downregulation of the HER2 signal-
ing pathway. 

 A very recent study has shown that lifelong n-3 PUFA 
exposure was able to mitigate tumor development in an 
aggressive HER2-positive BC model, providing evidence 
that n-3 PUFAs can inhibit mammary tumorigenesis ( 15 ). 
Our results clearly demonstrate that more than decreasing 
the growth rate of the tumor, endogenous production of 
n-3 PUFAs in fat-1 mice induced mammary tumor regression 
( Fig. 1 ), whereas the xenografts in WT mice continued to 

  Fig.   7.  Effects of PGE2, PGE3, and 17-HDHA on HER2, HER3, 
and c-Myc expression in E0771 cells. After treatment of E0771 cells 
with PGE2 (1  � M), PGE3 (1  � M), 17-HDHA (1  � M), or DMSO as 
control, cells were harvested, and Western blotting was performed 
to detect HER2, HER3, c-Myc, and  � -actin expression.   



Breast cancer prevention in fat-1 mice: HER2 pathway inhibition 3461

change in the  � -catenin expression profi le in the fat-1 
tumor tissues and the huge decrease in expression of its 
target gene  c-Myc , suggest that increased expression of 
E-cadherin reduces the availability of cytoplasmic  � -catenin 
by holding it in the plasma membrane, and thereby block-
ing its signaling to the nucleus. This would prevent, in the 
nucleus, the binding of  � -catenin to the transcription fac-
tor T-Cell Factor/Lymphoid Enhancer Factor (LEF/TCF) 
that induces transcription of important downstream target 
genes implicated in cell proliferation, differentiation, and 
apoptosis such as  c-Myc  ( 44, 45 ). Results from Bonvini et al. 
( 46 ), showing that inactivation of HER2 increases bind-
ing of  � -catenin to E-cadherin leading to a decrease in 
 � -catenin-mediated gene transcription, strengthens our 
results regarding E-cadherin upregulation in tumors of 
fat-1 mice and its potential roles played in these tissues. 
With regard to what we observe in the tumors of the trans-
genic mice, we failed to observe the upregulation of E-cad-
herin in cells treated with DHA ( Fig. 6 ). This might be due 
to the fact that DHA-treated cell lines exhibit shrinkage 
and membrane rupture (data not shown) leading to de-
creased junctions of adhesion, which is responsible for the 
decrease of E-cadherin protein expression. Indeed, it has 
been shown that E-cadherin expression is triggered upon 
cell contacts being established and E-cadherin interaction 
will increase the E-cadherin level ( 47 ). 

 Another signifi cant fi nding of the current study is large 
differences in the levels of EPA metabolites (notably 15-, 
12-, and 18-HEPE) and DHA-derived mediators (particu-
larly 17-HDHA) in the tumors of fat-1 mice compared with 
controls ( Fig. 3C ). 15-HEPE and 17-HDHA have already 
been linked to antitumorigenic properties ( 48, 49 ) via 15-
lipoxygenase activity. These observations can be related to 
the marked difference in the n-6/n-3 PUFA ratio between 
the fat-1 and WT mice ( Fig. 3A, B ). As 17-HDHA is the 
precursor of the neuroprotectin D1, which has been re-
ported to promote cell apoptosis ( 50 ), it is possible that 
the high levels of 17-HDHA in the tumors of the fat-1 mice 
could be an indicator of increased formation of the insta-
ble intermediate peroxy-metabolite, 17-HpDHA, which 
was shown to be directly cytotoxic to fast-growing tumor 
cells ( 48 ), contributing to the antitumor effect beyond the 
mechanisms described in the above paragraph. Moreover, 
the tumor PUFA-derived metabolite analysis reveals an in-
creased level of PGE3, derived from the n-3 fatty acid EPA, 
in the fat-1 mice compared with the WT mice, when the 
level of PGE2 is unchanged ( Fig. 3C ). When PGE2 has 
been shown to promote cancer development ( 51, 52 ), 
PGE3 has been found to have anticancer effects ( 53 ). Our 
results suggest that PGE3 and 17-HDHA might be antican-
cer metabolites, and these generated metabolites from 
EPA and DHA respectively may underlie the antitumor ef-
fect observed in the fat-1 transgenic mice. However, the 
concentration of PGE3 in the tumors of the fat-1 animals 
did not reach that of PGE2 suggesting that there is a role 
for AA-derived lipid mediators that cannot be totally re-
placed by EPA-derived lipid metabolites, EPA competing 
with AA as substrate for metabolite production. Interest-
ingly, our in vitro experiments showed that addition of 

HER2 and HER3 and most importantly a DHA-dramatic 
decrease of p-HER2 and p-HER3 in the cell lines stimu-
lated by the HER3-specifi c ligand heregulin   ( Fig. 6 ). This 
last result suggests that the formation of HER2/HER3 het-
erodimer might be hindered by DHA treatment. Addition-
ally, two protein bands are seen for HER2 in both SK-BR-3 
and BT-474 cells ( Fig. 6 ) when only one band is observed 
in E0771. Recently, cancer-associated splice variants in sev-
eral genes have been shown to be involved in tumorigen-
esis. A splice variant of HER2 (p68-HER2) has been shown 
to be involved in BC ( 39 ). Indeed, this spliced product of 
HER2 specifi cally prevents HER2/HER3 dimer phospho-
rylation by disrupting dimers formed with HER2, whereas 
it inhibits heregulin-dependent growth in BC cells. 

 In addition to the tumor regression observed in the 
transgenic animals, tumors of the fat-1 mice exhibit a 
higher level of cleaved PARP and a lower level of NF- � B 
protein expression compared with the WT mice. More-
over, treatment of the three BC cell lines with DHA for 72 h 
resulted in a concentration- and time-dependent inhibi-
tion of cell growth ( Fig. 5 ). In regard to both in vivo and 
in vitro results, the n-3 PUFA-mediated effects involved 
apoptosis. One of the mechanisms of action attributed to 
the apoptosis augment in DHA/EPA-treated MDA-MB-231 
cells was impairment of Akt phosphorylation and NF- � B 
activity ( 29 ). In fact, Akt directly promotes cell survival by 
phosphorylating and inactivating components of the apop-
totic machinery. Akt also can activate transcription factors 
such as NF- � B, critical in tumorigenesis ( 40 ). In this sense, 
our in vitro results confi rm our in vivo results, as we also 
observe a decrease of p-Akt in our DHA-treated cell lines 
( Fig. 6 ). In line with this, a recent in vivo study showed an 
increased apoptotic index of MCF-7 cells injected into 
fl axseed oil-fed nude mice ( 35 ), suggesting that it was 
probably due to the downregulation of tyrosine kinase re-
ceptors such as HER2, and the subsequent downregula-
tion of Akt. 

 In addition, our results reveal a difference in the  � -
catenin expression pattern in tumors of fat-1 transgenic 
mice compared with the WT mice, in which E-cadherin is 
signifi cantly upregulated. Moreover, we found reduced 
protein expression of  � -catenin, p-GSK3  � , and  c-Myc  (a 
pro-oncogene of breast tumors) in all DHA-treated cell 
lines.  � -catenin plays a crucial role in morphogenesis 
and human cancer through its dual function in cell-cell 
interactions, and as a transcriptional regulator in numer-
ous signaling pathways ( 26 ). Besides the regulation of 
 � -catenin signaling by Wnt, a number of adhesion mole-
cules and other signaling pathways are involved in the con-
trol of  � -catenin signaling ( 41 ). E-cadherin is a potent 
invasion/tumor suppressor.  � -catenin can form a complex 
with E-cadherin through binding to the cytoplasmic tail of 
E-cadherin, which sequesters it at the plasma membrane 
and hinders its nucleus translocation ( 42 ). We hypothesize 
that the upregulation of E-cadherin observed in the tu-
mors of fat-1 transgenic mice could play at least two poten-
tial roles:  1 ) it may inhibit tumor cell growth because 
E-cadherin has been established as both a tumor suppres-
sor and an invasive suppressor in BCs ( 43 ); and  2 ) the 
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17-HDHA downregulated HER2 and HER3 protein ex-
pression. Moreover,  c-Myc  expression was dramatically de-
creased by PGE2, PGE3, and 17-HDHA exposure. 

 These results suggest that PGE3 and 17-HDHA are anti-
cancer mediators, and generation of PGE3 and 17-HDHA 
from n-3 PUFAs may underlie the antitumor effect ob-
served in fat-1 transgenic mice. Thus, our data demon-
strate a tumorigenesis effect of n-3 fatty acids, at least in 
part through activation of HER2/HER3/c- Myc  signaling 
pathway mediated by n-3 PUFA-derived mediators. 

 Taken together, our results provide the fi rst evidence 
that expression of the  fat-1  gene, leading to tissue enrich-
ment of n-3 PUFAs, prevents mammary tumor develop-
ment. This prevention might occur by downregulating the 
HER2/HER3/Akt/ � -catenin signaling pathway and pro-
moting synthesis of antitumor n-3 PUFA-derived lipid me-
diators in the tumors of fat-1 mice versus WT mice. These 
results provide encouraging preclinical evidence and mo-
lecular mechanisms by which n-3 PUFAs may regulate the 
malignant behavior of BC cells. In combination with con-
ventional treatments, supplementing the diet with n-3 PUFAs 
may be a nontoxic means to synergistically improve cancer 
treatment outcomes for BC in which  HER2/neu  is over-
expressed and may slow or prevent recurrence of cancer. 
Moreover, our study shows that used alone, an n-3 supple-
ment may be a useful dietary alternative therapy for pa-
tients who are not candidates for standard toxic cancer 
therapies.  
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